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Objectives and Background. Because measurements of flow 
resen'e are often made in the setting of fluctuating hemodynamic 
variables that cause alterations in basal or hyperemic coronary 
blood flow, traditional flow resene indexes may be difficult to 
interpret. Prior work in this laboratory has suggested that the 
insflIntaneous hyperemic flow versus pressure slope index is a more 
hemodynamically stable aIternatiye to measures of flow reserye. 
Although this index has no hemodynamic dependence on changes 
in aortic pressure, the extent to which it is affected by other factors 
that alter myocardial work is unknown. Therefore, the purpose of 
this inYestigation was to analyze the effects of tachycardia (in-
duced by atrial pacing at 10 beats/min above the basal heart rate), 
dobutamine infusion (10 pgikg per min) and saline solution 
,'olume loading (500 ml) on measurements of traditional coronary 
flow reserl'e, the resistance resene ratio and the instantaneous 
hyperemic flow yersus pressure slope index. 
Methods. Twenty-nine open chest anesthetized dogs were stud-
ied in four sequential stages: baseline, tachycardia, dobutamine 
infusion and saline solution volume loading. Traditional coronary 
flow reserye was defined as the ratio of hyperemic coronary blood 
flow to basal coronary blood flow, the resistance resen'e ratio as 
the ratio of basal coronary resistance to hyperemic coronary 
resistance and the instantaneous hyperemic flow versus pressure 
slope index as the slope of the instantaneous relation between 
Coronary flow reserve, defined as the ratio of hyperemic 
coronary flow to basal coronary flow, has been proposed as 
an integrated and quantitative assessment of the physiologic 
significance of a coronary stenosis (1-3). However, coronary 
flow reserve measurements have intrinsic variability due to 
load dependence and heart rate effects that confound prac-
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diastolic hyperemic coronary blood flow and diastolic aortic 
pressure normalized by perfusion bed weight. Hyperemia was 
induced by intral'enous adenosine infusion (1 mgikg per min). 
Mean aortic pressure was kept nearly constant during the inter-
ventions by manipulation of an aortic clamp or a vena caval snare. 
Results. The final study group comprised 18 open chest dogs. 
Coronary flow resene was significantly decreased by tachycardia 
(3.7 ± 1.2 to 3.0 ± 1.2, p < 0.0001), decreased by saline solution 
,'olume loading (3.2 ± 1.3 vs. 2.7 ± 0.8, p = 0.06) and 
significantly increased by dobutamine infusion (3.2 ± 1.3 to 4.3 ± 
1.5, p < 0.0005). In contrast, the instantaneous hyperemic flow 
versus pressure slope index was not affected by the three inter-
,'entions (7.4 ± 3.1 vs. 7.3 ± 3.3, 7.4 ± 3.2 vs. 7.4 ± 3.4 and 
7.5 ± 3.1 ,'s. 7.3 ± 3.4, respectively, all p = NS). The changes 
observed in the resistance reserve ratio were of similar or greater 
magnitude and significance to the changes in coronary flow 
reserve. 
Conclusions. The instantaneous hyperemic flow versus pres-
sure slope index offers a hemodynamically stable alternative to 
measures of vascular resene because it is independent of moder-
ate changes in heart rate, contractility and volume loading that 
may occur commonly in clinical situations. 
(J Am Coil CardioI1992;20:1261-9) 
tical use in the clinical setting. Even when afterload and 
heart rate can be tightly controlled, alterations in contractil-
ity and changes in autonomic tone can cause variations in 
basal coronary flow. Thus, traditional coronary flow reserve 
cannot be considered a specific standard of stenosis severity. 
This laboratory proposed the illstantaneous hyperemic 
flow versus pressure slope index as an alternative to tradi-
tional measures of coronary reserve (4,5). In our original 
report (4), we investigated the influence of aortic pressure 
and two degrees of subcritical stenoses on measurements of 
the instantaneous hyperemic flow versus pressure slope 
index, traditional coronary flow reserve and two indexes of 
coronary conductance. That study demonstrated that I) two 
common measures of coronary conductance were slightly 
more sensitive in detecting mild stenoses, but were not 
substantially less hemodynamically dependent, than was 
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traditional coronary flow reserve; 2} the instantaneous hy-
peremic flow versus pressure slope index showed no signif-
icant hemodynamic dependency on aortic pressure, left 
ventricular end-diastolic pressure or heart rate within the 
ranges studied; and 3} this index was slightly more sensitive 
in detecting stenoses than was traditional coronary flow 
reserve. We next sought to validate this index with an actual 
measure of coronary conductance using radiolabeled micro-
spheres (5). This work demonstrated that this index was 
most highly correlated with subendocardial coronary con-
ductance. 
All studies of the instantaneous hyperemic flow versus 
pressure slope index have been performed in an intact 
animal model in which coronary perfusion pressures, aortic 
pressures and myocardial work were not dissociated from 
one another. No specific attempts were made to control 
heart rate or left ventricular end-diastolic pressure. Although 
the index appeared independent of these factors by multiple 
regression analysis, the fluctuations actually observed for 
heart rate and left ventricular end-diastolic pressure were 
quite small and were not studied directly. Therefore, it is not 
known whether a specific and significant alteration of heart 
rate might influence measurement of the index while other 
hemodynamic factors are held constant. Similarly, it has not 
been explored whether measurement of the index is influ-
enced by alterations in contractility and volume loading that 
significantly increase myocardial work. Despite known lim-
itations of the traditional coronary flow reserve measure-
ment, this measure of vascular reserve remains the standard 
for clinical research studies in which variations in heart rate, 
contractility, volume status and basal coronary blood flow 
commonly occur (6-8). Accordingly, in the present study, 
we sought to contrast the influence of tachycardia, increased 
contractility and saline solution volume loading on measure-
ments of traditional coronary flow reserve, the resistance 
reserve ratio and the instantaneous hyperemic flow versus 
pressure slope index. 
Methods 
Animal Preparation 
Twenty-nine male or female mongrel dogs (mean weight 
26.5 kg, range 18 to 36 kg) were studied. Initial preparations 
such as shaving and intubation were completed under light 
anesthesia induced with intravenous thiamylal sodium (Su-
rital) (20 mg/kg body weight). All animals were then venti-
lated with a Heidbrink Kinet-O-Meter Anesthesia Machine 
(Ohio Medical Products) utilizing a flow of 100% oxygen at 2 
liters/min. Operative anesthesia was achieved and main-
tained with isoflurane at an inspired concentration from 1% 
to 2.5%. 
A left thoracotomy was performed in the fifth intercostal 
space. The heart was exposed and supported in a pericardial 
cradle. The proximal descending aorta was dissected free 
and surrounded by a Blalock clamp. The inferior vena cava 
Table 1. Overview of the Experimental Protocol* 
IV. 
I. II. III. Volume 
Baseline Tachycardia Dobutamine Loading 
(n = 18 (n = 16 (n = 16 (n = 10 
dogs) dogs) dogs) dogs) 
2 3 4 5 6 7 8 
Steady state B H B H B H B H 
phase 
Intervention 
I. Pacing + + + + + + 
2. Dobutamine + + 
3. Volume load + + 
Use of 
I. Aortic clamp + + :t 
2. IVe snare + :t :t 
'Two arterial beds were studied in each dog. See Methods. The four 
protocol stages are presented with the key components of the experimental 
method; for each dog, eight sequential steady state computer acquisitions (I to 
8) were required to complete the protocol. B = basal coronary flow; H = 
hyperemic coronary flow; IVe = inferior vena cava; -, + and :t = device or 
intervention not used, used, or used in some dogs but not in others, 
respectively. 
was surrounded with a snare occluder at the level of the 
diaphragm. A left carotid arteriotomy and bilateral jugular 
venotomies were performed and sheaths were inserted for 
vascular access. 
The proximal left anterior descending and left circumflex· 
coronary arteries were dissected free for 3 to 4 cm. An 
appropriately sized and calibrated electromagnetic blood 
flow probe (Carolina Medical Electronics) and elastic vessel 
loop were placed on each. A calibrated 5F micromanometer 
(Millar Instruments) was passed into the left ventricle 
through an apical stab wound and secured with a purse-
string suture. A second 5F micromanometer was passed 
through the carotid sheath into the proximal ascending aorta. 
Zero pressure was established at midlevel of the heart after 
thoracotomy. Drift was assessed frequently throughout the 
protocol. Pacing wires were attached with alligator clamps to 
the left atrial appendage and connected to a pacemaker 
(Bloom Associates). 
Left ventricular pressures, differentiated left ventricular 
pressure, phasic aortic pressure, phasic coronary blood flow 
and heart rate were monitored on a Gould recorder (model 
2800S, Gould Electronics) interfaced to an IBM AT com-
puter modified for on-line signal digitization· at 200 Hz! 
channel. Before the experimental protocol, all animals were 
pretreated with one intravenous bolus dose of propranolol 
(l mg/kg) and atropine sulfate (l mg) to minimize variations 
in underlying autonomic tone and allow better control of 
interventions. 
Experimental Protocol (Table 1) 
The experimental method and procedures used in this 
investigation conform to the "Position of the American 
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Heart Association on Research Animal Use" adopted No-
vember 11, 1984 by the American Heart Association. Heart 
rate, left ventricular pressures, differentiated left ventricular 
pressure, phasic aortic pressure and phasic coronary blood 
flow for the left anterior descending and left circumflex 
arteries were recorded continuously. Adenosine (9-,B-D-
ribofuranosyladenine) (Sigma Chemical Company) was dis-
solved in 37°C saline solution to produce a supersaturated 
solution that was delivered through a jugular venous sheath 
to induce maximal hyperemia (l mg/kg per min). The four 
stages of the protocol were the baseline stage, followed 
sequentially by three hemodynamic interventions: tachycar-
dia stage, dobutamine infusion stage and saline solution 
volume loading stage (Table I). An acquisition consisted of 
a 5-s steady state computer recording of digitized data for 
heart rate, phasic coronary flow for the left anterior descend-
ing and left circumflex arteries, phasic aortic pressure, 
phasic left ventricular pressures and differentiated left ven-
tricular pressure. Digitization of data occurred at a sampling 
rate of 200 Hz. Each acquisition was automatically stored on 
hard disk as a primary ("raw") addressable data file avail-
able for immediate or delayed postprocessing. The turn-
around time from the beginning of one computer acquisition 
to a point ready to record a second acquisition (without 
postprocessing of the first acquisition) was about 15 s. For 
each stage a basal acquisition was alternated with a hyper-
emic acquisition. Acquisitions were undertaken only when 
mean aortic pressure and mean coronary blood flows had 
stabilized after an intervention and full hemodynamic recov-
ery had occurred between adenosine infusions. Eight acqui-
sitions, two for the baseline stage and two for each interven-
tion, were required to complete the protocol (Table I). 
Mean aortic pressure !Vas held constant at the initial 
basal value throughout the protocol to more clearly demon-
strate the effects of the interventions. Constancy was 
achieved by manipulation of either the aortic Blalock clamp 
(constriction increased proximal aortic pressure) or the vena 
caval snare (constriction decreased aortic pressure as a 
result of decreased left ventricular filling). Occasionally, 
while correcting the relative hypotension of the first hyper-
emic phase, we discovered that mean aortic pressure could 
not be increased to the original basal value despite maximal 
tightening of the Blalock clamp; in these instances we 
accepted the highest attainable hyperemic mean aortic pres-
sure. Accordingly, in these cases, we sought to reproduce 
the initial basal mean aortic pressure for all subsequent basal 
steady states and the same hyperemic mean aortic pressure 
for all subsequent hyperemic steady states. 
Baseline stage. For the baseline stage, there was no 
intervention and heart rate was not regulated. During the 
hyperemic phase, tightening of the Blalock clamp was re-
quired to increase mean aortic pressure to the original basal 
value. 
Tachycardia stage. Tachycardia was induced by atrial 
pacing at approximately to beats/min above the baseline 
rate. During the hyperemic phase, tightening of the Blalock 
clamp was required to increase mean aortic pressure to the 
original basal value. 
The tachycardia pacing rate was continued through basal 
and hyperemic phases for both the dobutamine infusion and 
the saline solution volume load for several reasons: I) to 
maintain an identical heart rate for subsequent interventions 
so that measured changes in the coronary flow reserve or the 
instantaneous hyperemic flow versus pressure slope index 
could be ascribed chiefly to the intervention; 2) to override 
the inconsistent positive chronotropic effect of dobutamine 
on individual dogs, which might introduce variability into the 
mean response of the entire group; and 3) to allow valid 
comparisons of the directional effects of the three interven-
tions on coronary flow reserve, resistance reserve ratio and 
instantaneous hyperemic flow versus pressure slope index 
values under stable and otherwise equivalent hemodynamic 
conditions. The baseline stage measure.ments were deter-
mined from a basal and hyperemic phase pair in which heart 
rate was allowed to vary freely. Subsequent measurements 
for tachycardia, dobutamine infusion and saline solution 
volume load stages were determined from basal and hyper-
emic phase pairs in which a fixed pacing rate had been set. 
Thus, the control group for the latter two interventions was 
derived from matdzed observations in the tachycardia illler-
vention group. 
Dobutamine stage. Dobutamine was administered as a 
to JLg/kg per min infusion through a jugular venous sheath. 
During the dobutamine stage, constriction of the inferior 
vena cava snare was always required to decrease the basal 
mean aortic pressure to the original basal value. During the 
hyperemic phase, tightening of the Blalock clamp was usu-
ally required to increase mean aortic pressure to the original 
basal value. 
Volume loading stage. The size of the saline solution 
volume load was determined empirically. Saline volumes 
ranging up to 1,000 ml were evaluated in the 1st 13 dogs of 
the protocol after completion of the dobutamine infusion. 
We sought the largest volume load that resulted in significant 
increases in left ventricular end-diastolic pressure, coronary 
flow and mean aortic pressure but that did not compromise 
the hemodynamic stability of the dog. The largest saline 
volume load that achieved this result was 500 ml. The effect 
of this volume load was studied in the next 16 dogs entered 
into the protocol. The 500-ml saline solution volume load 
was delivered rapidly through a jugular venous sheath. The 
effect of the volume load on coronary flow reserve, resis-
tance reserve ratio and instantaneous hyperemic flow versus 
pressure slope index measurements was assessed immedi-
ately after hemodynamic variables stabilized. During the 
saline solution volume load stage, constriction of the inferior 
vena cava snare was always required to decrease the basal 
mean aortic pressure to the original value. During the 
hyperemic phase, tightening of the Blalock clamp was usu-
ally required to increase mean aortic pressure to the original 
value. 
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Figure 1. Computer outputs for an actual hyperemic acquisition in a 
dog, acquired as a gated average of six heart cycles, for differenti-
ated left ventricular pressure (dP/dO, instantaneous aortic pressure 
and hyperemic coronary flow. Phases of the cardiac cycle are 
illustrated by symbols: boxes = isovolumetric contraction; triangles 
= systole; open circles = early diastole (and isovolumetric relax-
ation); solid circles = late diastole. 
Data processing. The digitized data for each acquisition 
were analyzed by the computer program at the time of 
acquisition to determine homogeneity of the RR interval. 
Subsequent postprocessing of the primary addressable data 
file occurred in two rapid steps, and was equally applicable 
on-line immediately after an acquisition, or in a delayed 
mode. First, selection of candidate cardiac cycles from the 
entire 5-s recording was based on the requirement that 
individual RR interval lengths be within 0.01 s of each other. 
Thus, premature ventricular and atrial contractions and 
postpremature contractions were excluded from further 
analysis. This step was semiautomated and allowed the 
maximal number of appropriate cardiac cycles to be included 
in the data set. Subsequently, the resultant digitized pressure 
and flow data from 2 to 10 (average 7) stable cardiac cycles 
were automatically stored in matrix form as a secondary . 
addressable data file on a hard disk. The total time required 
for the first processing step varied between 10 and 90 s. 
In the next fully automated step, the data were averaged 
into a single representative cardiac cycle. A capture algo-
rithm, defined as tlte periodfrom 20 ms after peak negative 
differentiated left ventricular pressure to tlte onset of the 
positive upstroke of differentiated left ventricular pressure 
(= left ventricular end-diastolic pressure), delimited the 
relatively linear diastolic segment (Fig. 1 and 2) (4). Least-
squares regression analysis of this segment developed a line 
whose slope was the instantaneous hyperemic flow versus 
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Figure 2. Hyperemic coronary flow versus aortic pressure relation 
for the acquisition in Figure I. It consists of a plot of the aortic 
pressures (from the middle panel of Fig. l) plotted as a function of 
the value of hyperemic blood flow occurring at that instant in time 
(from the bottom panel of Fig. I). Symbols are defined as in Figure 
I to help illustrate the portion of the cardiac cycle accounting for the 
various portions of the loop. Late diastole was defined within the 
computer acquisition algorithm to consist of the period from 20 ms 
after peak negative differentiated left ventricular pressure (dP/dt) to 
the onset of the upstroke of dP/dt. This period is delineated on 
Figure I by the solid circles in all three panels. The portion of the 
curve derived from the instantaneous relation between aortic pres-
sure and hyperemic coronary blood flow during late diastole (solid 
circles) is relatively linear. A least-squares linear regression of these 
points gives a line whose slope, divided by perfusion bed weight, is 
the instantaneous hyperemic flow versus pressure slope index 
(i-HFVP) (mllminlmm Hg per 100 g). The slope of this line is drawn 
through the points and labeled "i-HFVP." lVC = isovolumetric 
contraction. 
pressure slope (units = mUmin per mm Hg) (Fig. 2). The 
results of these calculations were automatically stored as a 
tertiary addressable data file on hard disk. The total time 
required for the second processing step was approximately 
5 s. A graphic option for this step displayed the averaged 
cardiac cycle and the least squares regression line if desired. 
Perfusion bed mass. The dog was then given an overdose 
of potassium chloride and sodium pentobarbital. Subselec-
tive intracoronary infusion with 2,3,5-triphenyltetrazolium 
chloride (Sigma) and Evans blue dye (Sigma) was used to 
determine perfusion bed mass. The left anterior descending 
and circumflex coronary arteries were proximally cannu-
lated with polyethylene tubing. The branches of the ascend-
ing aortic arch were closed with a large vascular clamp so 
that saline solution under pressure from the descending 
aortic arch could be directed retrogradely into the left 
ventricle. The descending aortic arch was then cannulated 
and perfused with 37°C isotonic saline solution at 
100 mm Hg. Simultaneously, dye perfusion was performed 
for 5 min at 100 mm Hg. Dyed perfusion beds were then 
dissected free and weighed on a Fisher Scientific XT-41O top 
loading balance (Denver Instrument Co.). 
Exclusions. Twenty-nine mongrel dogs were studied, but 
the protocol was completed in only 24 dogs (48 arterial 
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beds). Of these, three dogs \vere excluded because of 
unstable flow measurements. Flow signals were character-
ized as unstable when there was> 10% mean flow variation 
within a single steady state phase resulting from incidental 
movement or adjustments of the epicardial coronary flow 
probes. Two dogs were excluded because of aortic pressure 
changes that exceeded the original basal value by 
> IO mm Hg, and one dog was excluded because of poor 
signal recordings. Of the remaining 18 dogs (36 arterial 
beds), additional exclusions occurred only at some stages of 
the protocol. At the tachycardia stage, one dog was excluded 
because of unstable flow measurements and one because of 
excessive aortic pressure changes. At the dobutamine infu-
sion stage, one dog was excluded because of unstable flow 
measurements and one because of excessive aortic pressure 
changes. At the 500-ml saline solution volume stage, seven 
dogs were excluded because of both excessive ventricular 
ectopic activity and excessive aortic pressure changes, and 
one dog was excluded because of unstable blood flow 
measurements. Therefore, this report is based on an analysis 
of 16 dogs (32 arterial beds) in the tachycardia group, 16 dogs 
(32 arterial beds) in the dobutamine group and IO dogs (20 
arterial beds) in the saline solution volume load group. 
Calclliations 
Calculation of the instantaneous hyperemic flow versus 
pressure slope index. The instantaneolls hyperemic flow 
verSllS pressure slope index is constrained by definition to 
the condition of maximal hyperemia and to the diastolic 
period of the cardiac cycle when the relation between 
coronary flow and coronary pressure is relatively linear (Fig. 
I and 2). The initial input for calculation of the index is the 
digitized flow and pressure data from a computer acquisi-
tion, as described earlier. Two rapid postprocessing steps 
result in isolation of the data points from the relatively linear 
hyperemic diastolic segment. The least-squares linear re-
gression analysis of these data points gives a line whose 
slope is the instantaneous hyperemic flow versus pressure 
slope value. The slope value is then normalized by the 
appropriate perfusion bed mass to give the actual instanta-
neous hyperemic flow versus pressure slope index expressed 
as mUmin/mm Hg per 100 g. The instantaneous hyperemic 
flow versus pressure slope index was calculated in each dog 
for both the left anterior descending and left circumflex 
coronary artery distributions. 
The traditional coronary flow reserve ratio (CFR) was 
calculated as: 
MCBFhyperemia 
CFR = , 
MCBFbasal 
where MCBF = mean coronary blood flow (mUmin). Coro-
nary flow reserve was calculated in each dog for both the left 
anterior descending and circumflex coronary artery distribu-
tions. 
The resistance reserve ratio (RRR) was calculated as: 
Table 2. Comparison of the Hemodynamic Variables Measured in 
the Control and Tachycardia Stages During Basal and Hyperemic 
Phases in 16 Dogs 
Basal Phase Hyperemic Phase 
Control Tachycardia Control Tachycardia 
HR 100.2 ± 11.4 112 ± 12.4* 95.4 ± 13.2 112.7 ± 12.4* 
SBP 89.7 ± 9.4 93.2 ± 10.a 97.0 ± 12.3 94.0 ± 1I.5~ 
MAoP 77.S ± 9.3 80.6 ± lo.n 74.9 ± 11.7 73.7 ± 11.7 
LVEDP 10.1 ± 1.9 9.0 ± 1.9t 11.7±2.1 9.9 ± I.S' 
P+ +1,094 ± 216 +1,211 ± 261t +1,206 ± 181 + 1,253 ± 224 
P- -1,018 ± liS - 1.095 ± I72t -1,099 ± 153 -1,085 ± 176 
*p < 0.0001, tp < 0.01, +p < 0.05, comparing the tachycardia and control 
stages in each phase. Data are reported as mean value ± SD. HR = heart rate 
(beats/min); LVEDP = left ventricular end-diastolic pressure (mm Hg); 
MAoP = mean aortic pressure (mm Hg); P+ = peak positive differentiated 
left ventricular pressure (mm Hgls); P- = peak negative differentiated left 
ventricular pressure (mm Hgls); SBP = systolic blood pressure (mm Hg). 
CR basal (MAoPIMCBFhasai 
RRR = ----
CR hyperemia (MAoP/MCBFhyperemi; 
where CR = coronary resistance (mm Hglml per min), 
MAoP = mean aortic blood pressure (mm Hg) and MCBF = 
mean coronary blood flow (ml/min). The resistance reserve 
ratio was calculated in each dog for both the left anterior 
descending and left circumflex coronary artery distributions. 
Statistical analysis. Statistical analysis for each type of 
intervention involved a two factor repeated measures one-
way analysis of variance (ANOV A) followed by Bonferroni 
simultaneous multiple comparisons of intervention. Statisti-
cal analysis for coronary flow reserve, resistance reserve 
ratio and for instantaneous hyperemic flow versus pressure 
slope index values was determined with paired t tests. 
Results were considered statistically significant when p < 
0.05. Individual data are presented as a mean value ± SD. 
Results 
Effects of tachycardia. Table 2 summarizes changes ob-
served in hemodynamic variables during the baseline stage. 
Heart rate increased significantly from control levels when 
pacing was instituted in the basal and hyperemic phases (p < 
0.0001). In the basal phase, the increase in heart rate induced 
expected and significant changes in systolic blood pressure 
(p < 0.05), left ventricular end-diastolic pressure (p < 0.01), 
peak positive differentiated left ventricular pressure (p < 
0.01) and peak negative differentiated left ventricular pres-
sure (p < 0.01). Mean aortic pressure increased slightly 
but significantly from 77.8 ± 9.3 to 80.6 ± 10.9 (p < 0.05). 
Mean aortic pressure did not change significantly during the 
hyperemic phase of this stage of the protocol (74.9 ± 11.7 vs. 
73.7 ± 11.7, P = NS). 
Figure 3 demonstrates the influence of tachycardia on 
traditional coronary flow reserve, resistance reserve ratio 
and instantaneous hyperemic flow versus pressure slope 
index measurements. Tachycardia caused basal coronary 
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Figure 3. Effects of atrial pacing. The bars and numbers above each 
column represent, respectively, I SD and the mean values for each 
variable. p values compare control values and values during 
pacing. CFR = coronary flow reserve; HR = heart rate (beats/min); 
i-HFVP = instantaneous hyperemic flow versus pressure slope; 
RRR = resistance reserve ratio. 
flow to increase significantly from 55.6 ± 32.7 to 67.8 ± 42.0 
(p < 0.01). Hyperemic coronary flow decreased slightly but 
significantly from 184.1. ± 78.6 to 176.7 ± 77.5 (p < 0.05). As 
a result, traditional coronary flow reserve decreased signif-
icantly from 3.7 ± 1.2 to 3.0 ± 1.2 (p < 0.00(1). The 
resistance reserve ratio also decreased significantly from 
3.8 ± 1.1 to 3.3 ± 1.2 (p < 0.001). The instantaneous 
hyperemic flow versus pressure slope index was unchanged 
by tachycardia (7.4 ± 3.1 vs. 7.3 ± 3.3, p = NS). 
Effects of dobutamine infusion. Table 3 summarizes 
changes observed in hemodynamic variables during the 
dobutamine infusion with concomitant inferior vena cava 
Table 3. Comparison of the Hemodynamic Variables Measured in 
the Control and Dobutamine Stages During Basal and Hyperemic 
Phases in 16 Dogs 
Basal Phase 
Control Dobutamine 
HR 114.2 ± 14.1 114.5 ± 14.2 
SBP 91.1 ± 8.1 91.7 ± 9.7 
MAoP 79.8 ± 8.9 82.3 ± 8.2 
LVEDP 9.0 ± 1.9 7.96 ± 1.9* 
P+ + 1,193 ± 265 +1,061 ± 206* 
P- -1,088 ± 161 -1,069 ± 194 
Hyperemic Phase 
Control 
114.1 ± 14.1 
92.1 ± 8.2 
73.3 ± 8.4 
9.9 ± 1.1 
+1,241 ± 227 
-1,063 ± 132 
Dobutamine 
114.2 ± 14.1 
102.6 ± 9.1* 
79.4 ± 9.0t 
10.1 ± 1.6 
+ 1,507 ± 242' 
-1.258 ± 187* 
'p < 0.0001, tp < 0.001, +p < 0.01, comparing the dobutamine and 
control stages in each phase. Format and abbreviations as in Table 2. 
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Figure 4. Effects of dobutamine infusion. p values compare control 
values and values during dobutamine infusion. Format and abbre-
viations as in Figure 3. 
constriction to prevent excessive hypertension. For the 
basal phase, peak positive differentiated left ventricular 
pressure decreased from 1,193 ± 265 to 1,061 ± 206 (p < 
0.01). During the hyperemic phase, significant increases 
were observed for systolic blood pressure (p < 0.00(1), peak 
positive differentiated left ventricular pressure (p < 0.00(1) 
and for peak negative differentiated left ventricular pressure 
(p < 0.00(1). Mean aortic pressure increased modestly but 
significantly from 73.3 ± 8.4 to 79.4 ± 9.0 (p < 0.001) despite 
the use of the inferior vena cava snares. 
Figure 4 demonstrates the influence of the dobutamine 
infusion on traditional coronary flow reserve, resistance 
reserve ratio and on instantaneous hyperemic flow versus 
pressure slope index measurements. Dobutamine infusion, 
in concert with constriction of the inferior vena cava to 
prevent excessive hypertension, caused a significant de-
crease in basal coronary flow from 68.4 ± 41.4 to 45.3 ± 23.8 
(p < 0.00(1). Hyperemic coronary flow was unchanged. As 
a result, traditional coronary flow reserve increased signifi-
cantly from 3.2 ± 1.3 to 4.3 ± 1.5 (p < 0.00(5). The 
resistance reserve ratio also increased significantly from 
3.5 ± 1.4 to 4.5 ± 1.4 (p < 0.005). The effect of the 
dobutamine infusion in concert with the inferior vena cava 
constriction snare did not induce a significant change in the 
instantaneous hyperemic flow versus pressure slope index 
(7.5 ± 3.1 vs. 7.3 ± 3.4, p = NS). 
Effects of volume loading. Table 4 summarizes changes 
observed in hemodynamic parameters during saline solution 
volume loading. For the basal phase, there were no signifi-
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Table 4. Comparison of the Hemodynamic Variables Measured in 
the Control and Volume Loading Stages During Basal and 
Hyperemic Phases in lO Dogs 
Basal Phase Hyperemic Phase 
Volume Volume 
Control Loading Control Loading 
HR 113.5 :!: 14.7 113.5 :!: 14.7 113.4 :!: 14.8 113.6:!: 14.6 
SBP 94.5 :!: 6.4 94.2 :!: 9.0 93.9 :!: 9.2 101.4 :!: 6.4' 
MAoP 83.1 :!: 6.6 78.4 :!: 6.8 75.5 :!: 8.5 78.5 :!: 6.5 
LVEDP 9.07 :!: 1.67 9.42 :!: 2.67 9.97:!: 1.93 11.72 :!: 2.42' 
p+ + 1,255 :!: 269 + 1,303 :!: 336 +I,316:!:229 + 1,397 :!: 239 
P- -I,126:!: 101 -I,050:!: 129 -1,081 :!: 130 -1,165 :!: 77 
'p < 0.05, comparing the volume loading and control stages. Format and 
abbreviations as in Table 2. 
cant changes. For the hyperemic phase, a significant in-
crease occurred in systolic blood pressure (p < 0.05) and in 
left ventricular end-diastolic pressure (p < 0.05). Figure 5 
demonstrates the influence of a 500-ml saline solution vol-
ume load on traditional coronary flow reserve, resistance 
reserve ratio and on instantaneous hyperemic flow versus 
pressure slope index measurements. Basal coronary flow 
and hyperemic coronary flow were unchanged. Traditional 
coronary flow reserve decreased from 3.2 ± 1.3 to 2.7 ± 0.8; 
however, this change only approached statistical signifi-
cance (p = 0.06). The resistance reserve ratio, in contrast, 
decreased very significantly from 3.5 ± 1.2 to 2.7 ± O.t (p < 
0.005). The saline solution volume load did not induce a 
Figure 5. Effects of volume loading. p values compare control 
values and values during volume loading. Format and abbreviations 
as in Figure 3. 
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significant change in the instantaneous hyperemic flow ver-
sus pressure slope index (7.4 ± 3.2 vs. 7.4 ± 3.4, p = NS). 
Discussion 
Hemodynamic independence of instantaneous hyperemic 
flow wrsus pressure slope index. Temporary alterations in 
heart rate, contractility and volume status are likely out-
comes of routine diagnostic catheterizations. In the setting 
of coronary angioplasty, perturbations in these variables 
may be of even greater magnitude and longer duration. 
Therefore, evaluations of the significance of coronary sten-
oses must rely on methodologies that are not influenced by 
changes in hemodynamic variables. This experiment dem-
onstrates the hemodynamic independence of the instanta-
neous hyperemic flow versus pressure slope index from 
changes in heart rate, contractility and volume loading 
within the ranges studied. In contrast, the traditional coro-
nary flow reserve measurement displayed significant depen-
dence on changes in heart rate, contractility and volume 
loading over the same ranges as did the resistance reserve 
ratio, previously speculated (6) to be less hemodynamically 
dependent than coronary flow reserve. 
The instantaneous hyperemic flow versus pressure slope 
index is constrained by definition to the condition of maximal 
hyperemia and to the diastolic period of the cardiac cycle 
when the relation between coronary flow and coronary 
pressure is relatively linear. The instantaneous hyperemic 
flow versus pressure slope is the slope value of the line 
derived from the least-squares linear regression analysis of 
the data points in the relatively linear diastolic segment. 
When accurate assessments of coronary perfusion bed mass 
can be obtained, as in the canine model, the slope value is 
normalized by the perfusion bed mass to give the actual 
instantaneous hyperemic flow versus pressure slope index 
with final units of ml/min/mm Hg per too g. Thus, this index 
constitutes a true measure of coronary conductance. We 
have previously shown (4,5) that this index is most highly 
correlated with the subendocardial coronary conductance 
and that it is independent of broad steady state changes in 
mean aortic pressure. The new findings of this study add 
further support to our original contention that this index is a 
hemodynamically independent alternative to measures of 
vascular reserve in the intact coronary circulation. 
Coronary flow changes. In this study, significant changes 
in coronary flow reserve were related predominantly to 
significant changes in basal coronary flow. The traditional 
coronary flow reserve measurement varies proportionately 
with changes in hyperemic coronary flow and inversely with 
changes in basal coronary flow. Hyperemic coronary flow 
did not change significantly between the control state and 
volume loading and dobutamine infusion interventions and 
changed only slightly with tachycardia (Fig. 3 to 5). During 
volume loading and tachycardia, basal coronary flow in-
creased as a result of the increased work associated with 
these interventions (Fig. 3 and 5). 
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The administration of beta-adrenergic blocking agents is 
known to cause increased coronary flow as well as increased 
peak negative and peak positive differentiated left ventricu-
lar pressure, mean aortic pressure and systolic blood pres-
sure (9-12). In this study, basal coronary flow actually 
decreased during the dobutamine infusion, but this effect 
was a necessary result of the study design to keep mean 
aortic pressure constant to prevent excessive variations in 
aortic pressure. The influence of variations in aortic pressure 
on measurements of flow reserve indexes and the instanta-
neous hyperemic flow versus pressure slope index has 
previously been studied in detail (4). The present protocol 
more specifically assesses the effects of heart rate, contrac-
tility and volume load. To achieve this goal, we employed an 
inferior vena cava snare to decrease mean aortic pressure to 
the baseline value and an aortic Blalock clamp to increase 
mean aortic pressure to the baseline value (Table 1). 
An important secondary effect of increased inferior vena 
cava constriction was a decrease in left ventricular filling 
leading to a decrease in left ventriclllar volllme. The result-
ant decrease in left ventricular wall stress dictated a propor-
tional decrease in myocardial work. It must be reasoned that 
if the dobutamine infusion was the only significant interven-
tion, this result would have led instead to an increase in 
myocardial work. The observed results indicate that the 
combined effect of the dobutamine infusion and inferior vena 
cava constriction was a decrease in basal phase myocardial 
work, as reflected by the decrease in basal flow (Fig. 4). If 
the inferior vena cava snare had been the only significant 
intervention, the depression in myocardial work would most 
likely have been more profound. The basal phase dobu-
tamine results therefore represent a relative increase in 
contractility, but not an absolute increase. 
However, during hyperemia there was a definitely in-
creased level of contractility relative to control conditions as 
reflected by the very significant increase in peak positive 
differentiated left ventricular pressure (p < 0.00(1) (Table 3). 
This result was not unexpected because the inferior vena 
cava snare was required less often in the hyperemic phase, 
and when the snare was required, significantly less tension 
was needed to decrease mean aortic pressure to baseline 
than in the basal phase. Therefore the effects of the dobu-
tamine infusion predominated and caused an increase in 
myocardial work denoted by the marked increase in peak 
positive differentiated left ventricular pressure. Thus, -de-
spite the necessary controlling of the mean aortic pressure 
levels, this phase of the protocol does show the differential 
effects of increased inotropic effect on the various measures 
of vascular reserve. 
The effects of dobutamine may have been modulated by 
the propranolol administered at the start of the protocol to 
minimize alterations in autonomic tone. However, the ad-
ministration of propranolol should not have affected the 
results because this drug was equally present during both the 
basal and the hyperemic phase by virtue of its long half-life. 
The results shown support our contention that the traditional 
coronary flow reserve ratio is not whereas the instantaneous 
hyperemic flow versus pressure slope index is a specific and 
invariant measure of stenosis severity under changing hemo-
dynamic conditions and contractile state. 
The resistance reser\'e ratio. The resistance reserve ratio 
has been speculated to be less altered by hemodynamic 
variables than is coronary flow reserve (6), but in this intact 
animal model it offered no advantages over traditional cor-
onary flow reserve. This result is in keeping with our 
previous study of two indexes of coronary conductance 
incorporating pressure measurements that did not have less 
hemodynamic dependence than coronary flow reserve, even 
though they were slightly more sensitive than flow reserve in 
detecting mild coronary stenoses (4). 
Limitations of the study. The present observations apply 
to modification of heart rate, contractility and volume load-
ing within the ranges studied and with respect to the practi-
cal limitations of this intact animal model. The research was 
carried out in an anesthetized, highly instrumented, open 
chest animal model in which atropine and propranolol were 
administered to minimize fluctuations in autonomic tone and 
to allow better control of the experimental variables under 
study. Although direct extrapolation of the results to the 
clinical catheterization laboratory is not warranted, the 
magnitude of variations in heart rate, contractility and vol-
ume status in this study were modest and not atypical of 
what might be encountered during study of patients. 
Current implications. This study demonstrates the hemo-
dynamic dependence of traditional coronary flow reserve 
and resistance reserve ratio measurements with respect to 
changes in heart rate, contractility and volume loading that 
occur commonly in clinical situations. The instantaneous 
hyperemic flow versus pressure slope index offers an alter-
native to measures of vascular reserve because it is hemo-
dynamically independent of these variations. 
The methodology for measurement of the instantaneous 
hyperemic flow versus pressure slope index is currently 
applicable to the intact, open chest, anesthetized animal 
model. However, the capacity to measure intracoronary 
velocity accurately in the intact human coronary circulation 
has been present for some time (13). Thus, by substitution of 
a percutaneously placed 3F intracoronary Doppler probe for 
the external coronary electromagnetic flow probe, the 
present methodology could be rapidly modified for use in the 
intact human coronary circulation. Though applicable now, 
this system could face limitations in diffusely diseased cor-
onary arteries because of the device profile or in circum-
stances where mUltiple catheter exchanges are undesirable, 
such as the presence of intraluminal thrombus or unfavor-
able intimal morphology (ulcerations, ledges or dissections). 
Developing technology. Elegant technologic advances, in-
cluding endovascular echocardiography as well as guide 
wire-mounted Doppler velocity and pressure probes, are in 
progress and may soon result in the development of a 
percutaneous, very loll' profile, guide wire-based method for 
measuring instantaneous hyperemic flow versus pressure 
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slope index (14-23). A Doppler guide wire-based methodol-
ogy, in particular, could fill a dual role as a vital component 
of both the system for measuring the index and the thera-
peutic angioplasty system. The ability to derive intracoro-
nary flow from measurements of instantaneous coronary 
velocity and lumen area utilizing a Doppler guide wire was 
recently validated in an animal preparation and explored in 
humans (19,20). 
Implications for the future. With the maturation of these 
technologic advances, measurement of the instantaneous 
hyperemic flow versus pressure slope index could be pur-
sued in humans as a hemodynamically stable alternative to 
measures of coronary reserve in the catheterization labora-
tory. The methodology could be directly applied to assess 
the significance of a coronary stenosis and subsequently to 
evaluate the efficacy of the intervention used to treat it. This 
application would not require normalization by perfusion 
bed mass. The instantaneous hyperemic flow versus pres-
sure slope index would supply information on the coronary 
conductance of an arterial bed harboring a stenosis that 
would be complementary to quantitative morphologic data 
from on-line quantitative coronary angiography and would 
allow the invasive cardiologist to better assess the need for 
treatment and its effects. 
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